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Abstract
Since the advent and swift adoption of x-ray imaging in 1986, the understanding of radiation among the general populace has markedly increased as has the average annual radiation
exposure. The biological effects of high doses and high dose-rates, particularly related to x-ray radiation, became a concern of the scientific and medical communities within the same year due to the
unregulated use of such imaging. The dangers of these high doses sparked extensive studies, health
recommendations, and regulations. However, after it became common practice to use the lowest
dose necessary to facilitate medical treatment, the research on the biological effects of low-dose radiation was of less scientific interest. The lack of interest and the difficulty of isolating variables in
a complex biological system has led to a lack of high-quality low-dose studies.
The Medical Physics Lab at Clemson University designed an irradiator device to further
the understanding of cell responses to low-dose x-ray radiation. It is easily paired with a standard,
commercially-available incubator for environmental controls. The combination of x-ray source and
Si-PIN diode photon detector allows for highly-characterized radiation emission and precise dose
and dose rate control. Radiation safety protocols provide necessary shielding for both operator and
control groups.
Proof-of-concept experiments on live cell cultures show statistically-significant results for a
variety of experimental procedures. The device makes it possible to change the dose rate, total absorbed dose, and photon energy delivering the dose. Overall, it shows promise for more standardized
fundamental research into the biological effects of low-dose x-ray radiation.
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Chapter 1

Introduction
One may wonder what relevance the average banana has to radiation exposure. If it hasn’t
occurred before, it is certainly of interest now. According to one of the leading Cavendish banana
distributors, Chiquita, the average banana contains 0.422 g of potassium [35]. Potassium-40 (40 K)
is a naturally-occurring radioactive isotope of potassium whose natural abundance is approximately
0.0118% [15]. It can be estimated that the average banana, then, contains 0.0498 mg of

40

K. The

isotope’s activity is defined as the number of nuclear decays per unit time [4] and can be calculated
thusly.

A = λN =

Na ∗ ln(2)
msample ∗ NA ∗ ln(2)
=
t1/2
M ∗ t1/2

(1.1)

where A is the activity of an isotope, λ is the decay constant, Na is the number of atoms of
the isotope in the sample, t1/2 is the half-life of the isotope or how long it takes for half of the atoms
in the sample to decay [7], msample is the mass of the sample,NA is Avogadro’s number, and M is the
molar mass. With a half-life of t1/2 = 4 ∗ 1016 s and a molar mass of M = 0.1507 ∗ 1020 kg/mol, the
activity of the 40 K in an average banana is 15 Bq/s [45]. In 1988, the US Environmental Protection
Agency stated that the exposure-to-dose conversion factor for ingestion of isotopically-pure

40

K is

5.02 ∗ 10−9 Sv/Bq resulting in an effective committed dose equivalent of 0.078 µSv [2]. The effective
committed dose equivalent is the dose — weighted by tissue sensitivity to radiation — over a period
of 50 years post-intake of radioactive material [12, 2]. Therefore, the average banana results in an
estimated whole-body dose of 0.078 µSv over the 50 years following ingestion of said banana.

1

Figure 1.1: Average annual radiation dose in America [26].
For reference, a typical airport security scan would be roughly equivalent to eating 2.5
bananas. Dental x-ray imaging is approximately equivalent to eating 50 bananas, a mammogram
4, 000 bananas, and a CT scan 100, 000 bananas. An instantly fatal dose of radiation would be
around 100, 000, 000 bananas [34, 38, 38].
Naturally, a banana-equivalent dose is a bit of an absurdity especially given that the

40

K

in a banana is not, in fact, pure. However, it does effectively illustrate that, in addition to the
familiar sources of high-dose radiation, there are a myriad of low-dose radiation sources in everyday
life. Humans are constantly exposed to background radiation from naturally-occurring terrestrial
and cosmic sources. Background radiation makes up approximately 50% of the annual dose for
the average American with the other 50% is from medical imaging, nuclear medicine, occupational,
and industrial sources for a total of 6.02 mSv/yr as seen in Figure 1.1 [26]. These numbers may
seem insignificant in comparison to the 0.700 − 13.4 Sv experienced by emergency responders and
operators of Chernobyl during the 1986 nuclear reactor meltdown. High doses and of radiation,

2

especially when delivered quickly, are known to cause effects from skin inflammation to sterility to
death [11], but there is debate among scientists about the effects of low doses accumulated over a
longer time [25, 28, 10, 32, 52].

1.1

The Low-Dose Dilemma
There is currently no consensus on whether there are biological effects of doses under a

particular threshold (< 0.1 Gy) [25, 28] much less if they are positive [10, 32, 52] or negative. One of
the many reasons that the scientific community is undecided on the effects of low-dose radiation is
that there have been few experiments conducted on live cells that proved accurate and reproducible.
Biological systems are complex and, as such, contain a large number of independent variables that
may influence cell response in addition to the radiation dose applied. Likewise, there are many factors
in correctly calculating the dose of radiation absorbed by the cells. Interpretations of previous studies
could easily be skewed by sub-optimal environmental conditions, cell type dependence, radiation type
dependence, improper radiation shielding, and so on. If any variable is not accurately accounted for
in the experimental set-up or calculations, it is not clear that the cell response is due strictly to the
dose of radiation received. The Clemson University Medical Physics Lab attempted to remedy the
situation and advance scientific understanding of the biological effects of low-dose x-ray radiation
by designing a device expressly for this subset of experiments.

1.2

Research Objectives
The goal of the irradiator is to limit independent variables and increase variable control

to facilitate fundamental research on cell response to low-dose radiation. The radiation source is
limited to x-rays and the source was chosen to provide highly-tunable x-ray energies and intensities.
The device employs characteristic or fluorescence spectra instead of full-spectrum bremsstrahlung
x-rays for more accurate absorbed doses. A single-photon detector allows for precise measurement
of photon count incident on the sample. Multiple layers of radiation shielding ensure operator
safety and prevent unintended sample exposure. The entire device is small enough to be housed
in a standard commercial biological incubator to maintain optimal atmospheric conditions for cell
samples.

3

My personal research goals were to characterize the radiation incident on the cell samples
by manually calibrating the detector, calculating absorbed dose from acquired spectral data, and
determining the best source tube settings for a desired dose rate. I also delivered a consistent dose
to the cell samples in our variable dose rate and variable photon energy experiments. Statisticallysignificant results provide positive evidence of the project’s success.

4

Chapter 2

Radiation Physics
The physics of radiation is inextricably tied to both atomic and quantum physics. Though
the scope of my experimental work is limited to low-dose soft x-rays, this is only a small part of the
spectrum of radiation that is used in medical imaging and nuclear medicine. It is necessary to the
effective medical applications of radiation to cultivate a basic understanding of what it is, how it is
categorized and quantified, and how to protect operators and patients from unintended or harmful
doses.

2.1

Electromagnetic Radiation
Before discussing radiation itself, it is useful to talk about the nature of light. Classical

electromagnetism considers light to be fundamentally wave-like. The waves are coupled oscillations
of electric and magnetic fields that propagate through a medium. The directions of the electric field,
magnetic field, and propagation are mutually orthogonal. In contrast, quantum electrodynamics
considers light to be fundamentally particle-like — made up of massless, neutral particles called
photons [4]. Both theories have proven conceptually and mathematically correct depending on the
nature and scale of the observations and, thus, we consider light to have properties of both waves
and particles. This is called wave-particle duality [20, 29]. We can classify types of electromagnetic
radiation by wavelengths and also speak in terms of numbers of photons of a particular energy being
emitted by a radiation source [4].
On the macro scale, light’s wave-like properties are most pronounced. On the micro scale,
5

Figure 2.1: The Electromagnetic Spectrum [6].
its particle-like properties are dominant. Since the majority of my experiments look at changes in a
material on the atomic scale, I will typically speak in terms of photons.
Individual photons have a set quantum of energy described by the Plank-Einstein relation

E = hν =

hc
λ

(2.1)

where E is energy, h is Planck’s constant, ν is the photon frequency, c is the speed of light,
and λ is the photon wavelength [4]. Figure 2.1 shows how photons of various energies are categorized
into the types of electromagnetic radiation. The types of radiation are further categorized into either
ionizing or non-ionizing radiation.

2.2

Ionizing vs. Non-ionizing Radiation
Radiation is defined as the transport of energy and momentum through electromagnetic

waves or particles. The two main classifications of radiation are based on the energy per quantum
that is transported and its potential to ionize an atom. Thus, they’re referred to as ionizing and
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non-ionizing radiation [4]. Non-ionizing radiation is any wave or particle whose energy per quantum
is below the minimum ionization energy of an atom [4]. It may be of interest to the reader that this
minimum energy belongs to neutral cesium at 3.893905695 ± 0.000000024 eV [14]. Contained in this
category are radio, micro, infrared, visible, and some ultraviolet waves as seen in Figure 2.1. Due to
their inability to ionize matter, such waves are not of interest for use as therapeutics.
Ionizing radiation is any wave or particle whose energy per quantum is above the minimum
ionization energy of an atom [4]. As seen in the aforementioned figure, the category includes some
ultraviolet waves, x-rays, and gamma rays as well as energetic particles. These waves and particles are
often used for medical purposes such as nuclear medicine and medical imaging. Ions produced have
the potential to react with surrounding atoms and molecules, often damaging biological structures.

2.3

Directly vs. Indirectly Ionizing Radiation
Ionizing radiation is further classified as directly or indirectly ionizing. Directly ionizing ra-

diation is any charged particle that imparts energy through Coulomb interactions with the absorber.
Indirectly ionizing radiation is any neutral particle, such as a photon, that imparts energy through
the production of a charged particle that then has a Coulomb interaction with the absorber [4].
For the purposes of the devices and experiments detailed in later chapters, I am primarily
interested in x-ray radiation. X-rays are one of three main types of indirectly ionizing photon
radiation — the others being ultraviolet and gamma rays. Ultraviolet waves, though ionizing, are
generally not energetic enough for medical purposes because they cannot extend far into the body
before losing their energy. The energy ranges of x- and gamma-rays largely overlap, but they
are considered separately due to their different origins. X-ray photons are emitted by orbital or
accelerated free electrons. Gamma rays are emitted by the nucleus or particle decay.

2.4

X-Ray Radiation
There are two typical types of x-ray radiation — characteristic and bremsstrahlung. Charac-

teristic x-rays, or fluorescence x-rays, originate from energy transitions of orbital electrons. Electrons
have a tendency to occupy the lowest possible energy state available within an atom. Therefore,
any electrons in an excited state seek to release the excess energy and return to a ground state. The

7

Figure 2.2: The Kα and Kβ transitions of copper [16].
energy is released in the form of a photon that has an energy equivalent to the binding energy difference between the excited and ground states. These binding energies are unique to their respective
elements, so it is possible to identify what element and which electron orbital transition produced
a particular photon. This is useful in identifying the chemical composition of materials as well as
intentionally producing photons of particular energies. As an example, Figure 2.2 shows the Kα and
Kβ transitions of some orbital electrons in a copper atom.
Bremsstrahlung x-rays come from free electrons. These light, negatively-charged particles
interact with the positively-charged nuclei within a medium. The interaction applies some negative
acceleration to the free particle, which leads to loss of energy in the form of a photon. Thus, x-rays
are produced in a “braking” process for which it was named as seen in Figure 2.3. The energies of
the resulting photons are related to the deceleration of the free electrons and, thus, are not unique
to the elemental composition of the medium and the result is a continuous spectrum [4].

2.5

Radiation Quantities
There are several useful quantities used to describe the ability of radiation to impart energy

into a medium. Similarly of interest are the quantities that describe the medium’s sensitivity to and
ability to absorb energy.
8

Figure 2.3: The bremsstrahlung radiation process [48].

2.5.1

Kerma
Kerma is an acronym standing for kinetic energy released in matter, which measures the

initial kinetic energy released into the sample by indirectly ionizing radiation creating secondary
charged particles and bremsstrahlung photons. Kerma is separated into the two independent contributions from charged particles and photons — collisional and radiative kerma.

K = Kcol + Krad

(2.2)

where K is the total kerma, Kcol is the collisional kerma, and Krad is the radiative kerma.
For the low photon energies used in low-dose x-ray experiments, the photon-matter interactions in
samples will be almost exclusively photoelectric and fall into the collisional category [3].

Kcol = Ψ ∗ (

µen
)
ρ

(2.3)

where Kcol is the collisional kerma, Ψ is the energy fluence through the medium, and ( µρen )
is the average mass-energy absorption coefficient of the medium. The SI units for kerma are joules
per kilogram also known as the derived unit gray (Gy) [37].
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2.5.2

Exposure
Exposure represents a photon’s ability to ionize air and is measured in roentgens (R), or

2.58 ∗ 10−4 C of charge produced per 1 kg of air [4]. While the ability to ionize biological material
may differ greatly from air, such a measurement can be done in a controlled environment and, if the
energy of incident photons is known, both photon fluence and energy fluence through the given point
can be known. For example, 1 R of exposure to 60 keV photons would suggest a photon fluence of
3 ∗ 1014 photons/m and an energy fluence of 3 J/m [51].

X = (Kcol )air ∗ (

e
)air
W

(2.4)

where X is exposure, (Kcol )air is the collisional kerma in air, e is the elementary charge,
and W air is the mean energy required to create an ion pair in air [4].

2.5.3

Absorbed dose
The absorbed dose, or ”dose,” is perhaps the most-used radiation quantity within this work.

It is defined as the expectation value of energy deposited by ionizing radiation per unit mass of a
sample at a particular point within the sample. Like kerma, the SI unit for the absorbed dose is the
gray (Gy). In terms of incident photons of specific energies, the dose is mathematically defined as
the following.

D=

N ∗E
M

(2.5)

where D is the dose, N is number of photons, E is the energy of the photons, and M is
the mass of the absorber. As is the case in this document, the equation can extend to multiple
photon energies by altering the numerator such that it is a sum over each photon energy multiplied
by its respective number of incident photons [4]. It can also be applied to a continuous spectrum of
energies in the form of a differential of energy per infinitesimal mass [37].

2.5.4

Equivalent dose
The equivalent dose is often used in medical circles. It is defined as the mean absorbed

dose to a particular tissue weighted by the biological effectiveness of the type and energy of incident
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radiation. As such, the equivalent dose becomes a sum over each type of radiation imparting a dose
to the sample.

HT =

X

WR ∗ DR

(2.6)

R

where HT is the equivalent dose, WR is the radiation quality weighting factor, and DR the
absorbed dose contributed by that type of radiation to the single tissue. It is measured in sieverts
[4].

2.5.5

Effective dose
Effective dose adds an additional weighting factor to the absorbed and equivalent doses to

account for the radiation sensitivity of a given tissue or organ. It is also often used in medical
circles. It has the benefit of being accurate to the specific tissue and radiation quality involved, but,
as such, is not applicable to a general experiment where either radiation quality or tissue change.
Like equivalent dose, it is measured in sieverts.

E=

X
T

WT

X

WR ∗ DR

R

where E is the effective dose and WT is the tissue weighting factor [4].
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(2.7)

Chapter 3

Radiation Safety
Shielding the operator is crucial when working with any radiation. In this work, there is
the added concern of shielding additional cell samples contained within the incubator. As a result,
there are multiple layers of radiation protection necessary.

3.1

Attenuation and Physical Barriers
Attenuation is an important concept in radiation-related work. A beam of radiation entering

a medium will interact with that medium and the interactions transfer energy from the incident
radiation to the medium it travels through. Attenuation describes how the beam energy decreases
over time as these interactions occur until either the beam loses all energy and dissipates or it exits
the medium. Typically, we consider attenuation in terms of the beam intensity and how it changes
over time.

I = I0 e−µx

(3.1)

where I is the beam intensity a given distance into a medium, I0 is the initial beam intensity,
µ is the attenuation coefficient for the medium, and x is the distance into or thickness of the medium.
The attenuation coefficient is effectively the probability per unit path length that a photon or charged
particle will interact with the medium depending upon the energy of the beam and the atomic number
of the medium [4]. As such, the beam intensity decreases exponentially and the exact amount that
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Figure 3.1: A visual representation of the reduction of x-ray beam intensity within a medium [51].
it decreases depends upon the energy of the beam, the unique medium, and the distance the beam
has traveled into the medium.
As seen in Figure 3.1, if the beam exits the medium before the beam dissipates, it will
continue into the next medium. This is a concern when the next medium the beam encounters is
not the intended target. Therefore, one of the first layers of defense against unintended irradiation
is physical shielding comprised of a thickness of material sufficient for the beam to dissipate before
exiting that material [51].
For ease of describing how much of a specific material is needed to fully attenuate a beam,
there is a standardized measurement of beam penetration called the half-value layer. The half-value
layer is the thickness of homogeneous material that will cause a narrow, mono-energetic beam to
attenuate to half of its initial intensity.

I
= e−µx
I0
1
= e−µx1/2
2
ln(2)
x1/2 =
µ
where x1/2 is the half-value layer [4].
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(3.2)

(3.3)

3.2

Interlocks
As an additional safety feature, many irradiators are equipped with some type of interlock

switch that will prevent the radiation source from being activated if the device is not properly locked.
The Clemson University device has a magnetic interlock on the outer incubator door. In order to
close the outer door, the inner, radiation-safe door must also be closed. If the connection between
the two magnets is broken, the control program for the source tube will lock down the command to
enable x-ray production.

3.3

Warnings
As required by South Carolina state law, all laboratories with radiation sources require sev-

eral types of warning signs. Warnings must be posted at lab entrances, posted on devices containing
radiation sources, and each device must have a physical or digital warning light that shows when
the radiation source is activated. Warnings on outer lab doors should indicate that lab access is
restricted to personnel who have the proper safety certification [39].

3.4

Safety Certification
Clemson University, as well as many other institutions, requires a radiation safety course for

all persons who will be allowed in the laboratory with a radiation source. The x-ray-specific course
includes regulations and responsibilities, the physics of x-rays, an overview of x-ray sources and
energy levels in everyday life and the lab, biological effects of x-ray radiation, and dose measurement
and monitoring. Radiation source operators are also required to take an annual refresher course
[44, 43, 41, 42].

3.5

Annual Inspections
Per Clemson University regulations, each laboratory with a radiation source is required to

pass an annual inspection. The inspection includes checking for posted warnings, testing all safety
lights, testing all interlocks, using survey instruments to detect radiation counts when sources are
activated, and checking personnel certifications [41, 42].
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3.6

ALARA
In 1986, Friedrich Otto Walkoff regularly performed extra-oral x-rays with a 30 minute

exposure time for detailed dental images, but noted that many exhibited temporary hair loss on the
irradiated area. The fact that no skin irritation was noted suggests their absorbed dose was just
under 3 Gy [46]. For reference, the diagnostic reference level in Australia for an intra-oral x-ray
image using today’s technology is 0.65 − 3.7 mGy [1]. The majority of studies and procedures done
in those early days involved high x-ray doses as illustrated in Walkoff’s early work [31] and this led
to the no-threshold model of radiation exposure that states there is no minimum dose under which
radiation poses no risk [55]. Since the discovery of the side effects of high-dose x-ray imaging, there
has been a dilemma within the medical community about how to balance the radiation exposure
needed to produce a useful image for medical diagnostics and the effects of high-dose or repeated
exposure [54]. As such, the As Low As Reasonably Achievable, or ALARA, protocol was developed
and globally accepted as best practice [27]. The concept behind the protocol is that radiation
exposure in any setting should be limited to the minimum functional level for the task. While longer
or higher-energy x-ray exposures may yield clearer images, medical practitioners should aim for the
minimum quality image to do the procedure to avoid subjecting the patient to unnecessary risk due
to radiation. It also applies to the technicians performing the imaging in that their occupational
exposure should be minimized while allowing them to perform their jobs. In this instance, it is
expected that the patient and the technician would receive different doses while the image is taken
as the process has a medical benefit for the patient and not the technician, but the protocol simply
states that the dose should be as low as possible dependent upon their individual situations. It
applies equally to any situation where there is an opportunity for occupational, medical, or public
exposure.
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Chapter 4

Low-Dose X-Ray Device
When developing the irradiator device, the Clemson University Medical Physics Lab endeavored to balance both device effectiveness in an experimental setting and availability to the average
research facility. As an example, a standard-size incubator is used. This somewhat limits the size
of cell cultures that can be tested, but does not require significant and cost-prohibitive modification of existing laboratory machinery. The goal for the device is not only to provide an accurate
experimental system but to encourage other laboratories to contribute to the investigation of the
biological effects of low-dose x-ray radiation.

4.1

Device Setup
For ease of use and procurement, the device was designed to fit inside a standard commercial

incubator, shown in Figure 4.1. The incubator allows for regulation of temperature, humidity, and
CO2 concentration within its 54.1 x 68.1 x 50.8 cm (or 184 L) interior chamber — extending cell
viability to a maximum 72 hours. Its stainless-steel composition and HEPA filtration make an
easily-sterilizable environment to avoid sample contamination. During experiments, it is set to 37◦ C
and 5% CO2 . For safety, a magnetic interlock was attached to the outer incubator door. The
interlock will not allow the control program to activate the x-ray tube unless it is fully engaged and,
thus, the experimenter is properly shielded.
The custom irradiator cabinet in Figure 4.2 — comprised of sheets of 6 mm thick stainlesssteel — has outside measurements of 42.0 cm x 36.8 cm x 15.7 cm. The front panel is a removable
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Figure 4.1: Fisherbrand™ Isotemp™ Direct Heat CO2 Incubator, 184 L, Stainless Steel [47].

Figure 4.2: The custom radiation-shielding cabinet designed by Dr. Endre Takács’ Medical Physics
research group and built by the Physics and Astronomy machine shop at Clemson University.
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sliding door with radiation-blocking slots to allow air flow and climate control during experiments
without compromising shielding. Two PCIe slot fans mounted at the top of the box interior and
under the source tube also aid in air flow and cooling. On the upper right, a junction box houses
external ports and cable connectors to further prevent radiation leaks.
The primary apparatus in the center of the radiation-safe cabinet includes the sample holder,
detector mounts, and target plate platform (Figure 4.3). The sample holder consists of an L bracket
with an inlaid hole to allow radiation to penetrate the sample cup. The block holding the sample
and detector mounts can be positioned between 30 cm and 170 cm vertically away from the target
platform. The entire apparatus can rotate 20◦ to either side of center and the target platform can
further rotate independent of the mounting block above. For the typical experiment, the apparatus
is vertical and the sample is approximately 60 cm away from the horizontal target platform.
The detector is an MXDPP-50 single photon Si-PIN diode detector from Moxtek, Inc. [24]
that can be mounted either in the sample holder or rotated 10◦ clockwise from the sample. This
allows for collecting calibration data accurately representing the radiation that would be absorbed
by the sample in that position. It also makes continuous monitoring during experiments possible
when the sample holder is occupied.
The Ca, F e, and Cu plates yield definite characteristic peaks for each of those elements
— Ca Kα , F e Kα and Kβ , and Cu Kα and Kβ . I tested multivitamin in both pill and powder
form to see which produced the best spectrum and chose the powdered multivitamin for calibration
comparison. The multivitamin has a known composition and produces peaks of a height proportional
to the amount and x-ray-energy-dependent excitation cross section of the given element that is
present. The M o plate has been underutilized because of the higher voltage needed to see the
characteristic peaks leading to faster source overheating, but it is also available for calibration and
irradiation purposes in the future.
The x-ray source is a commercially-available 4 W x-ray fluorescence tube from Moxtek, Inc..
It has a maximum voltage and electron current of 50 kV and 40 µA [13]. Installed directed at the
target platform, it produces bremsstrahlung x-rays in a 120◦ emission cone that are absorbed by
the target plate [8]. It is shielded so that the only x-rays incident on the sample and detector are
characteristic x-rays emitted by the fluorescence plates.
Cells are cultured in high-density polyethylene (HDPE) cups (Chemplex Industries Inc.,
Palm City, FL; Figure 4.4) [23] that are sterilized and assembled in the BioEngineering lab. Cups
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Figure 4.3: Experimental set-up within the radiation-safe cabinet. The detector is shown in the
sample position as it is during calibration.
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Figure 4.4: Sample cup components. The modular HDPE cups aid in effective sterilization of
components and potential modification of the base material as needed [53].
consist of a 6 µm Mylar® sheet (Figure 4.4A) stretched over an outer cup (Figure 4.4C) and secured
by a snap-on inner component (Figure 4.4B). A ventilated cap (Figure 4.4D) is placed on top. Prior
to assembly, the inner and outer cup components and cap are sterilized in a 500 mL bath of 100%
ethanol for 30 minutes while agitating at 300 rpm with a magnetic stir bar. The Mylar® sheets are
submerged in 100% ethanol for one minute. All components are rinsed with a sterile 1X Phosphate
Buffered Saline (PBS) solution and air dry in a standard biological safety cabinet.
6 µm Mylar® was chosen as the cell surface material to limit x-ray attenuation before
contact with the cell sample. In addition to reducing the overall energy absorbed by cells, a thicker
material would increase the probability of secondary particle production that is more difficult to
account for in our dose calculations.

4.2

Detector Calibration
Proper calibration of the detector is key to the correct interpretation of any measured x-ray

fluorescence spectra. Before calibration, the X-Spectrum program plots photon count per detector
channel. The goal of the calibration is to determine how much energy is represented by a single
channel such that, when the channel of a particular maximum is determined, the photon energy and
identity of the peak are known. This information is necessary for calculation of absorbed dose.
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Figure 4.5: X-ray source tube control program, Ringo LifeTime Test, and detector control program,
X-Spectrum.
First, the target plate is placed on the target plate platform. For energy calibration, I took
data with the calcium plate, iron plate, copper plate, multivitamin, and no plate (null). All plates
were exposed to the same energy and intensity of bremsstrahlung radiation — ensured by using
the same accelerating voltage and current settings on the x-ray source — to make the most direct
comparison between the spectra.
Second, the source accelerating voltage and current and detector collection time are set
(Figures 4.5 and 4.6). Multiple trials revealed that the ideal setting for this energy range is 15 kV ,
50 µA, and 300 s live time respectively. This produces strong characteristic x-rays between 2 and
12 keV while avoiding detector oversaturation and source overheating.
Third, x-rays are enabled using the Ringo controller and detection is started. Settings, start
and end times, and source and detector temperature ranges are recorded for later troubleshooting
purposes. Irradiation time for each plate varies when using detector live time rather than real time
(Figure 4.7). The process is repeated for each target plate.
The detector software, X-Spectrum, allows for simple calibration based on the identification
of two peaks, but this is insufficient in practice. Using only two peaks for calibration leads to
increasingly inaccurate identification of peaks farther from the two chosen. I, instead, chose to
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Figure 4.6: X-Spectrum advanced settings. Advanced settings are primarily used to change preset
collection times.

Figure 4.7: X-Spectrum ends collection after preset 300 s live time with overall collection time
totalling 686.3 s.
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Figure 4.8: Accepted experimental energies of known peaks vs. channel of peak maxima.
manually create a calibration curve based on five clearly-identifiable peaks across the spectra — Ca
Kα , F e Kα , F e Kβ , Cu Kα , and Cu Kβ . These peaks are the largest due to the high concentration
of the key elements within their respective plates and being the most common electron transitions
for those elements within this energy range. The iron lines also have the benefit of being strongly
present in the multivitamin powder and the null data set. The latter is due to some minimal x-ray
scatter off of the inner walls of the stainless-steel box itself.
To determine the peak locations of these clearly-identifiable peaks most accurately, I looked
at each peak individually. I then took and averaged the data of each spectrum that had a peak in
roughly that same channel and fit a Gaussian curve to the resulting average peak. This accounts for
any minor shifts that may be seen in individual spectra. After discovering the channel in which the
peaks’ maxima occurred, the accepted experimental energies of those peaks was plotted against the
detector channel of the peaks’ maxima as seen in Figure 4.8. The NIST X-ray Transition Energy
Database was used as the authoritative source for the accepted experimental peak energies [40]. The
slope of the resulting linear fit represents the energy per channel — found to be 0.024057 ± 0.000081
keV /channel. Knowing the energy per channel facilitates identifying all other peaks once the location
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Figure 4.9: All plate spectra taken with 15 kV , 50 µA, and 300 s live time. Note the peaks that are
common across multiple spectra.
of their maxima are known.
To visually check for any shifts, I also created an overlapping plot of all calibration spectra.
This combined with the known composition of each plate, the surrounding container, and detector
itself allowed me to further identify Ar Kα , N i Kα , and N i Kβ lines common in all spectra as seen
in Figure 4.9. The nickel lines, like the iron, come from scatter off of the inner walls. The argon
line is due to the argon chamber within the detector. In addition, the composition of the detector is
responsible for the noise seen under channel 100 in that the beryllium window on the leading edge
of the detector does not transmit photons of the energies below that level.
As an aside, it is suspected that the stainless-steel may have a previously-unknown outer
plating. The suspicion stems from the fact that the N i Kα peak is higher than the F e Kα peak in
all but the F e spectrum. Given that stainless-steel is, above all, an iron alloy, the F e Kα maximum
should consistently be higher.
Figure 4.8 does include error bars for the channel values, but they are too small to be clearly
visible. As such, they are included in Table 4.1. The linear fit resulting in the energy per channel
of 0.024057 ± 0.000081 keV /channel is weighted according to the error associated with each point
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Table 4.1: Calibration peak energies and
Peak Energy (keV )
3.691719
6.4040062
7.058175
8.0478227
8.905413

channels with associated error.
Channel
154.09 ± 0.04
265.75 ± 0.01
293.28 ± 0.03
334.91 ± 0.02
370.82 ± 0.01

such that more weight is given to points with the lowest error.

4.3

Dose Rate Determination
Having determined the energy represented by each detector channel, there is enough in-

formation to calculate the dose rate for a given target plate, accelerating voltage, and current
combination. The dose rate is critical in calculating the dose absorbed by the sample for a given
irradiation time and in calculating the irradiation time needed to impart a particular dose.
Due to the relatively low energies of the incident photons, the primary interactions within
the cell cultures are photoelectric. An incident photon will eject an electron from an atom that will
then deposit energy into the surrounding material via collision and ionization [3].
I currently use four target plates for irradiating samples — Ca, F e, Cu, and M o — each
supplying their own characteristic x-ray fluorescence spectrum. To find the range of dose rates
available for each plate, spectral data is collected with an accelerating voltage of 15−20kV depending
on the plate in question and a current of 4, 50, 100, 150, and 200 µA. As an example, I will detail
the process of calculating the dose rate for the copper plate under bremsstrahlung x-rays produced
by an accelerating voltage of 15 kV and current of 50 µA for 300 s live time.
The spectral data as plotted in IGOR is pictured in 4.10. For a personal cross-check and
reference, the null and multivitamin calibration data are overlaid.
Using IGOR, Gaussian curves are fit to each peak in the spectrum as seen in Figure 4.11.
I chose the appropriate fit by balancing minimizing the Chi-squared value (χ2 ) and maximizing the
data points in the set, with the greatest emphasis on the χ2 . The equation of the curve contains three
key variables used to calculate the number of photons of a particular energy incident on the sample
— the maximum peak height (W1 , or A), the location of the maximum (W2 , or x0 ), and the width
of the peak (W3 , or width). These variables are recorded along with the peak’s χ2 (Vchisq ) for each
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Figure 4.10: Spectral data for Cu plate and source settings 15 kV , 50 µA, 300 s live.
peak in the spectrum. To identify the peaks, W2 is multiplied by the energy per channel determined
in the initial calibration process. I compare the peak energies to transitions of the known composite
elements within a small range around that energy to identify the most likely transition corresponding
with the given peak. Comparison to the null and multivitamin data allows me to account for any
spectral shift and correctly identify the peaks. For calculations, the accepted experimental energies
as reported by NIST are used after peaks are identified.
After obtaining the energy and photon count of each peak, I can calculate the dose rate.
Theoretically, the dose rate is defined as the total kinetic energy deposited in the sample mass per
unit time.
n

X Ni ∗ Ei
D
=
∆t
M
i

(4.1)

where Ni is the photon count of peak i, Ei is the energy of peak i, and M is the sample
mass. I must, then, consider what corrections are necessary for the photon count. The photons
registered by the detector do not represent the true number of photons absorbed by the sample due
to the different materials and distances the photons traverse to reach either detector or sample.
For example purposes, I will assume that the data was taken with the detector in the offsides
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Figure 4.11: An example Gaussian fit using the Cu Kα peak. Data points are chosen above the
halfway point of the peak to minimize χ2 and circumvent the complication of the blending of the
Cu Kα and N i Kβ peaks.
position though, as I will illustrate, it should not affect the corrected photon count if all transmission
coefficients are appropriately factored in. Bremsstrahlung x-rays are produced by the source tube
and are absorbed by the target plate. Characteristic x-rays are then emitted isotropically from the
target plate. They travel through some amount of air before reaching the detector. When entering
the detector, they must travel through a beryllium window and argon chamber before being counted.
Thus, the number of photons that is counted by the detector underestimates the number emitted
by the target plate by the number that was reflected by the air, Be window, and Ar chamber. This
can be corrected by adding the following terms.

Nc = Ni ∗ (1 + (1 − TBe )) ∗ (1 + (1 − Tair2 ))

(4.2)

where Nc is the corrected photon count, TBe is the transmission coefficient for 12.5 µm
beryllium at the given photon energy, and Tair2 is the transmission coefficient for the thickness of
air all calculated for the given photon energy.
I must also account for the dead time of the detector if real time is being used. As it is
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a single photon detector, there is a dead time in between registering one photon and being able to
register another. Any photons that reach the detector when it is already counting another will not
be counted and, therefore, the detector will further underestimate the photon count. This can be
avoided by using live time for data collection, but, for completeness, I would include an additional
term if using real time.

Nc = Ni ∗ (1 + (1 − TBe )) ∗ (1 + (1 − Tair2 )) ∗ (td /tr )

(4.3)

where td is the dead time in seconds and tr is the real time in seconds. With the current
corrections, the number of photons now represents all photons emitted by the target plate. However,
I must consider the photons reflected before being absorbed by the sample. The photons emitted
by the target plate travel through a certain thickness of air and a thin Mylar® sheet before being
deposited in the sample.

Nc = Ni ∗ (1 + (1 − TBe )) ∗ (1 + (1 − Tair2 )) ∗ (td /tr ) ∗ Tair1 ∗ TM y ∗ (1 − Tsample )

(4.4)

where Tair1 is the transmission coefficient for the thickness of air, TM y is the transmission
coefficient for a 6 µm Mylar® sheet, and Tsample is the transmission coefficient for a 5 µm thick
sample. The final term is not a perfect estimation of how many photons are absorbed by the sample
as it includes all photons reflected between the Mylar® and sample and none of the photons that
impart only some of their energy before leaving the sample. Further experimentation is needed
to determine more accurately the amount absorbed and such experiments are discussed in a later
section.
The final correction to be considered is the difference in cross sectional area between the
detector and sample container. The cross section of the sample is significantly larger than that of
the detector and, therefore, the number of photons incident on the entire sample must be scaled up
from the amount registered in the detector. This brings the corrected photon count to the following.

Nc = Ni ∗ (1 + (1− TBe )) ∗ (1 + (1 − Tair2 )) ∗ (td /tr ) ∗ Tair1 ∗ TM y ∗ (1 − Tsample ) ∗ (Asample /Adet ) (4.5)
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For mathematical simplicity, detector live time is used when setting the irradiation time.
300 s live time is used for currents under 100 µA and 600 s live time is used for currents 100 µA and
above in order to account for possible detector oversaturation. Also for mathematical simplicity,
the detector is mounted in the sample holder during data collection so that the correction due to
transmission through air can be omitted. The final dose rate equation then becomes

n

X [Ni ∗ (1 + (1 − TBe )) ∗ TM y ∗ (1 − Tsample ) ∗ (Asample /Adet )] ∗ Ei
D
=
∆t
M
i

(4.6)

All transmission coefficients are taken from the Center for X-Ray Optics database of X-Ray
Interactions with Matter [22].

4.4

Problems
A reoccurring problem with our current experimental setup is overheating of the source tube.

Experiments often require nearly constant x-ray output from the tube over a period of 8+ hours,
which can put a strain on the machine. The incubator temperature is set to 37◦ C and, ideally, the
tube should not exceed 40◦ C. The concern is that the heat will damage the tube and, in addition,
the x-rays emitted may absorb extra energy that was not accounted for during production and cause
spectral shift. In addition, we want to prevent a secondary heat source — particularly one that is
not a controlled variable — from heating the cell samples above the ideal incubator temperature.
In my experience, each 1 mGy dose will raise the source temperature by approximately 1◦ C. While
fans provide circulation of air, there is no system for directly cooling the source tube and, thus,
breaks between every few samples must be built into the irradiation schedule. This is possible, but
presents a problem as all samples in an experiment need to be irradiated on the same day. It places
limits on minimum dose rate, maximum dose, and number of samples lest the experiment run too
long.
Another device-specific challenge is that of detector saturation. Use of a single-photon
detector results in large amounts of dead time at higher currents. While our method for calculating
the dose rate accounts for dead time, there comes a point that the detector is registering such a
small portion of the total incident photons that the resulting spectrum is not representative of the
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target plate emissions. This poses a considerable problem for dose rate calibration. However, I have
taken two steps to combat the problem. First, I record calibration data using detector live time
rather than real time to account for the dead time up front. Second, I extended collection times
from one minute live time to five. The results have proved more accurate, but issues still arise for
currents 100 − 200 µA. I am able to extend collection time further to ten minutes, but then begin
to run into overheating problems again.
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Chapter 5

Live Cell Experiments
The live cell experiments are the metaphorical moment of truth for the irradiator and, indeed, the pinnacle achievement of this work. While parts of the descriptions of the experiments
fall outside of my expert purview and venture into Biology territory, I consider them key to the
device’s proof-of-concept and useful in informing cross-disciplinary research groups of the experimental procedure. For this reason and personal interest, I include some detail of the cell analysis
procedure that led to statistically-significant results that, thus far, have been reasonably consistent
across experiments.

5.1

Fibroblasts
The first series of experiments using the irradiation device detailed in the previous chapter

consisted of supplying a 550 µGy dose of characteristic iron x-rays to 3T3 fibroblast cells over the
period of an hour. Three experiments were performed in order to run cell proliferation assays,
protein assays, and flow cytometry to analyze cell reproduction, protein density, and cell cycle phase
of the samples respectively. Samples were analyzed at 0, 24, 48, 72, and 96 hours post-irradiation
— labeled Day 0, 1, 2, 3, and 4. Statistical analyses were based on a Student’s T-test, considering
α < 0.05 to be significant [53].
Cells were plated at a density of roughly 1000 cells/cm2 in 2 mL of standard cell culture
media consisting of high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM), 10% Fetal Bovine
Serum (FBS), and 1% penicillin-streptomycin. Samples were given 18 hours in standard culture
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conditions — 37◦ C and 5% CO2 — to attach to the Mylar® . Samples were then irradiated for 1
hr resulting in a total absorbed dose of 551 ± 119 µGy [53].

5.1.1

Cell Proliferation
40 samples were prepared for cell proliferation assays using CellTiter 96 Aqueous One Solu-

tion (Promega, Madison, WI) [53]. This solution is a colorimetric assay that reacts to the presence
and concentration of formazans within the culture. Formazan compounds are a byproduct of mitochondrial respiration in the presence of the 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) of the CellTiter 96 solution and, thus, the concentration of formazans is directly
proportional to the number of viable cells in the culture. The darkness of the final mixture’s color
indicates the amount of live cells in the sample [9]. 4 irradiated and 4 control samples were analyzed
at each day, 0 − 3, after irradiation. Solutions were deposited in a 96-well plate in triplicate. The
plates were run through a Synergy H1 Biotek plate reader and measured for absorbance at 490 nm
[53].
The results show increasing cell count for up to 3 days post-irradiation (Figure 5.1). Both
irradiated and control samples reached 95% confluence, or sample cup coverage, by Day 5. The
irradiated samples appeared to proliferate more slowly than the control samples and growth paused
at approximately 11000 cells on Day 1. The control cultures numbered almost double that amount.
By Day 3, the irradiated cultures displayed a statistically-significant (p = 1.45 ∗ 10−5 ) increase in
proliferation rate compared to the control group. Total cell count in irradiated samples numbered
approximately 30000 greater than the control [53].
We posit that the difference in proliferation rate and overall proliferation seen on Day 1
between the control and irradiated cultures is a radiation-induced dormant phase to repair DNA
damage before replication [50, 19]. Similar effects are seen in response to cell stress due to thawing
or trypsinization. The irradiated cells then appear to increase their proliferation rate to make up
for the initial pause. It is less likely that the lower Day 1 cell count is due to cell death by apoptosis
or double strand DNA breakage [17, 18]. It is also unlikely that the higher proliferation rate seen
around Day 3 is caused by “uncrowding” or cell culture confluency as both sets of samples did not
near confluency until Day 5 [53].
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Figure 5.1: Proliferation assay results from Days 0 − 3.

33

5.1.2

Total Protein Assay
The Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific, Waltham, MA) was used for

total protein analysis on a set of 32 samples [53]. The bicinchoninic acid assay is also a colorimetric
assay that reacts to the copper in copper peptide bond complexes within the cell’s proteins. Thus,
the darkness of the final solution’s color is directly proportional to the total amount of protein in the
cell sample. The protein density indicates cell proliferation and, combined with the formazan density
results, shows if the new cells are producing the appropriate amount of proteins [33]. 4 irradiated and
4 control samples were analyzed on Days 1 through 4. Protein purification was performed through
lysis, or lysate collection. Samples were placed in 15 mL centrifuge tubes and a centrifuge used to
remove supernatant liquid. Cells were then suspended in 150 µL Mammalian Protein Extraction
Reagent (MPER; ThermoFisher Scientific) at room temperature to remove lysates. Pierce BCA
Protein Assay Reagent A/Reagent B was added to the solution to indicate the density of Cu+1 and
Cu+2 ions from the protein structures. Solutions were deposited in a 96-well plate in triplicate. The
plates were run through a Synergy H1 Biotek plate reader and measured for absorbance at 562 nm
[53].
The BCA protein assay supported the results of the proliferation assay. On Day 1, irradiated
samples showed lower formazan concentrations than the control group. On Day 2, irradiated samples
displayed a 130

µg
mL

higher concentration and a similar slight increase compared to the control was

seen on Day 3, but the difference is not considered statistically significant. The irradiated cells’
protein density supports the occurrence of a dormant phase and a high proliferation phase as seen
in the proliferation assay [56, 21]. Results also suggest that the absorbed dose and dose rate did not
impair the cells’ protein production mechanisms [53].

5.1.3

Flow Cytometry
Flow cytometry was performed on 18 samples — 6 controls for Day 0, 2 irradiated each

for Days 1 − 3, and 2 controls each for Days1 − 3 [53]. Flow cytometry is the process of analyzing cells under laser for visible light scatter and fluorescence due to fluorescent proteins, dyes, or
conjugated antibodies [36]. Such tests can serve several functions, but this experiment took data
on the percentage of cells in each stage of the cell cycle — dormancy (G0), cell growth (G1), DNA
synthesis (S), preparation to divide (G2), and division (M) [5]. Cells were plated at an approximate
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Figure 5.2: Cell cycle analysis results from Days 0, 1, and 3.
density of 5500 cells/cm2 . For each day, supernatants were removed via centrifuge, cells were fixed
in cold 70% ethanol, and the cell cycle was suspended by storing at −20◦ C. Cells were then pelleted,
rinsed repeatedly with PBS, and added to 200 µL of Guava Cell Cycle reagent (EMD Millipore,
Darmstadt, Germany) [53].
Results are shown in Figure 5.2. On Day 1, cell cycle analysis revealed that a larger
percentage of irradiated cells were in the dormant (G0/G1) phase compared to the control samples.
On Day 3, the percentage of irradiated cells in the mitotic phase (G2/M) matched that of the
control, but irradiated cells were still spending more time in the dormant phase and less in the DNA
synthesis (S) phase than their control counterparts. Given that the other tests revealed greater
proliferation on that day, we would expect that they would spend less time in the dormant phase.
Instead, it appears that they may be rushing the DNA synthesis and replication phases in order to
speed up the cycle. More tests such as PCR are required to determine if speeding up the cell cycle
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has a negative effect on the overall health of the daughter cells [53].
These results echo previous studies for low dose (0.1 Gy) x-rays which also show that human
mesenchymal stem cells will pause in the G0/G1 phase in response to irradiation [30]. It is thought
that this temporary dormancy better protects the DNA from exposure to radiation because the
DNA is less vulnerable when it is in the nucleus in the G0/G1 phase than when the nucleus breaks
down in the G2/M phase. Other studies suggest that low doses of x-rays may affect genes regulating
the replicative phases causing senescence — permanent arrest of the cell cycle in the dormant phase
without inducing cell death [49]. Such a state can occur in response to cell stress or irreparable
DNA damage. Given the larger percentage of irradiated cells in the dormant phase on Day 3, it
is possible that some irreparable DNA damage occurred while other cells were able to repair the
damage and resume division [53].

5.2

Vascular Smooth Muscle Cells
The second series of experiments performed using the irradiation device consisted of supply-

ing a 2 mGy absorbed dose of characteristic x-rays from various target plates to rat vascular smooth
muscle cells (VSMC). The goal of the experiments was to test the dependence of cell proliferation on
the photon energies that imparted the given dose. As such, cells were irradiated using iron, copper,
or calcium plates. The x-ray source was set to an accelerating voltage of 15 kV and a current of 75
µA. The target plate is positioned 10cm below cell samples that have a calculated thickness of 5
µm. The result is an approximate dose rate of 6.79 ± 0.15 µGy/min [48].
Proliferation assays were performed 8, 24, and 48 hours post-irradiation. Cells were plated
at a passage of 9 and numbered approximately 10000 cells/cup. Culture media consisted of 500 mL
of Dulbecco’s Modified Eagle Media (DMEM), 50 mL of Fetal Bovine Serum (FBS), and 10 mL of
antibiotic-antimycotic. Cultures developed for 18 hr before irradiation to allow for adherence to the
Mylar® film. Samples were divided into four equal groups — Group A irradiated using iron, Group
B using copper, Group C using calcium, and Group D as the control group. Samples were housed
together throughout the process to ensure identical exposure to any background radiation. Again,
statistical analyses were based on a Student’s T-test, considering α < 0.05 to be significant [48].
Like the first set of experiments, CellTiter 96 Aqueous One Solution (Promega, Madison,
WI) was used for cell proliferation assays. Figure 5.3 shows the results for each time period. At
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Figure 5.3: Proliferation assay results.
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Table 5.1: Theoretical vs. Experimental Dose Rates
Theoretical (mGy/min) Experimental (mGy/min)
0.01
0.0170
0.03
0.0395
0.10
0.141

8 hours, cell counts remain relatively low. Calcium-irradiated cells number fewer than the control
group, iron-irradiated cells number slightly above, and copper-irradiated cells number the greatest of
the four. At 24 hours, we see that calcium-irradiated cell proliferation still lags behind. Interestingly,
there is not a statistically-significant difference in the cell count between the control group and the
copper-irradiated group. Iron-irradiated cells continue to proliferate more than the control group.
At 48 hours, all irradiated groups show notably increased proliferation compared to the control.
As each group shows some proliferation over the course of the observation period, we conclude that
the 2 mGy dose at these energies was below the apoptosis threshold. All irradiated samples showed
exponential increase by the 48 − hour mark [48].

5.3

Variable Rate Experiments
The variable dose rate experiments have been my primary experimental focus for the live

cell irradiations. Determining whether or not there is a dose rate dependence to the cell response is
the next step in our fundamental research. Included within the series are multiple experiments on
different types of cells using low, medium, and high dose rates to deliver the constant overall dose
of 0.2 mGy using the Cu spectrum. The series has only recently been completed and, thus, the cell
analysis is unavailable. However, I am able to discuss the process by which I chose our low, medium,
and high dose rates to test.
As an example, consider an experiment that consisted of 32 samples — 8 samples each for
the control, low, medium, and high rate groups. A 0.2 mGy absorbed dose is delivered using the
copper target plate. Table 5.1 shows the dose rates chosen as our target rates and the closest dose
rate I was able to produce in the lab.
The x-ray source accelerating voltage, current, and total irradiation time for the chosen dose
rates is listed in Table 5.2. This key information was determined through the use of Equation (4.6).
For ease of calculating multiple dose rates efficiently and troubleshooting the calculation process, I
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Table 5.2: Experimental Dose Rate Settings
Dose Rate (mGy/min) Voltage (keV ) Current (µA)
0.0170
15
11
0.0395
15
25
0.141
15
100

Time (s)
704
303
85

Figure 5.4: Dose rate calculation spreadsheet Version 5.0 designed for calculation based on detector
live time.
designed a user-friendly spreadsheet (Figure 5.4) with embedded equations to automatically calculate
dose rate from the experimental variables.
The spreadsheet is color-coded for ease of access — purple denotes a field that is typically
constant in all experiments, orange denotes a field that typically changes in each experiment, and
green denotes both the calculated irradiation time and the dose received. The entries are not
corrected for significant figures by default. The spreadsheet allows for determination of dose rate
as well as the irradiation time needed for a particular dose at that rate or the dose received after
irradiating for a particular time at that dose rate. Data from IGOR spectra and transmission
coefficients must be entered manually as they are specific to each combination of source settings.
Choosing the best dose rates for irradiation involves taking data at multiple source settings.
I begin by comparing against the larger ranges calculated for the chosen target plate (generally a
voltage of 15 kV and current of 4, 50, 100, 150, or 200 µA) to find approximately which current
settings should be tested. Additional data must then be taken near the approximated setting.
Detector results are plotted in IGOR and peaks are fit with Gaussian curves. The information is
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entered into the dose rate calculation spreadsheet along with the appropriate peak energies and
transmission coefficients. Finally, the dose rates are compared to the theoretical target dose rate.
When a total absorbed dose is chosen, the irradiation time for each dose can be determined.
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Chapter 6

Looking to the Future
To better characterize the dose imparted by the device, there are several improvements and
experiments that would be beneficial. First, a more in-depth analysis of the differences in data
recorded with the detector in the sample holder vs. the offsides position is needed. I have designed
a new spacer block for the offsides detector mount. The current mount places the detector behind
the plane of the sample. The new spacer would bring the detector in line with the plane of the
sample. While the spectral data taken from the offsides position with and without the new spacer
during biological experiments has suggested that the calibration data is consistent with that from
the sample position, no dedicated experimentation has been done in a strictly controlled setting.
Rotation of the primary apparatus as a whole has also been studied and proven inconsequential, but
no such experimentation has been done for a backwards shift. It is useful to confirm that the target
plate emissions are isotropic as theorized.
Second, a new sample cup has been suggested. While the sample cups with the thin Mylar®
bottom layer are excellent for x-ray transmission, they have a propensity to warp and create waves
on the micro scale. This could slightly change the absorbed dose, but, more importantly, it often
prevents cells from attaching and proliferating as desired for the initial samples. Testing the new
cups will involve comparing the spectra between the new and old cups with and without samples or
an equivalent volume of water.
Third, it would be useful to fully characterize the molybdenum target plate and create
additional target plates to expand the photon energies we’re able to employ. Initial experiments
have shown positive evidence of energy dependence of the cells’ reaction to radiation. A greater
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range of photon energies would allow us to test this more extensively.
Fourth, an x-ray source tube cooling system is necessary if we wish to increase the number
or duration of irradiations we are able to perform in one session. The source tube quickly reaches
and exceeds the ambient temperature in the incubator for longer (10+ minute) or higher current
(100+ µA) irradiations. My goal has been to maintain a tube temperature under 40◦ C, which
can be challenging with an ambient temperature of 37◦ C. Increasing temperatures require pausing
irradiation for extended periods or turning down the incubator and endangering the cells.
Fifth and finally, a crucial next step is more directly measuring the absorbed dose within
the sample. A new detector mount must be designed to secure the detector above a sample cup to
collect the photons transmitted through the sample. Comparing data recorded with a sample, with
an empty sample cup, and without a sample cup will allow for a much better estimation of how
much energy is imparted to the sample. As this is only applicable to a single type and depth of
sample, it will need to be repeated for any significantly different samples. However, the absorbed
dose should scale with the transmission coefficients specific to the sample type and depth, so a
reasonable estimation could be made without extensive testing.
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Chapter 7

Conclusions and Discussion
X-ray radiation is everywhere in our daily lives not only in the form of background radiation but in the form of medical imaging procedures that have quickly become commonplace. The
dangers of high doses — particularly those delivered at a high rate — is well-documented. The
scientific community has created extensive guidelines limiting the public’s exposure to x-rays with
the assumption that any dose poses a threat. However, low doses and low dose-rates of such radiation have not been studied nearly as comprehensively and there is some division of opinions. One
reason for the scarcity of studies has been a need for a more controlled experimental environment
that allows for researchers to limit all external stressors on the cells other than the radiation while
prolonging cell life for analysis.
The device my research group has designed and continues to improve makes it possible
to perform the fundamental research needed to advance the scientific community’s understanding
of the biological effects of low-dose x-ray radiation. Using characteristic x-rays instead of fullspectrum bremsstrahlung x-rays provides highly-characterized radiation for a controlled dose. The
environmental controls maintain optimum conditions for the cells to extend the observation window
post-irradiation. It can facilitate study of dependence on absorbed dose, dose rate, energy, and
cell type. The device’s versatility makes it theoretically possible to test any type of cell including
cancer cells, virus-infected cells, and bacteria. Small tissue or tendon samples could also be analyzed
though some extra calculation may be needed to account for different densities or any inconsistencies
in sample cross section or thickness. The tunable x-ray source and interchangeable target plates make
it simple to alter the dose rate and photon energies delivering the absorbed dose. The x-ray output
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can accommodate a range of dose rates to match those in a myriad of common radiation sources.
Preliminary experiments on 3T3 fibroblasts show that these cells do react with statistical significance to x-ray radiation at doses as low as 0.550 mGy. The fibroblasts exposed to the
characteristic spectrum of iron displayed a clear dormant period followed by a greatly increased
proliferation rate as seen in proliferation and total protein assays. The protein assay also suggests
that the cells’ ability to produce protein is not impaired, but flow cytometry indicates a change in
the cell cycle even days after exposure when proliferation rate has increased. The cells exhibit a
cycle that favors the phases where DNA is protected in the nucleus and speeds up other phases to
maintain a faster proliferation rate than the control group.
Additional experiments on rat vascular smooth muscle cells largely support the findings of
our first study. The same dormant phase followed by increased proliferation rate is seen for the 2
mGy absorbed dose delivered by the copper and calcium characteristic spectra. It was unclear if the
iron-irradiated cells had a dormant phase, but they did exhibit the same increase in proliferation
rate by the 48 − hour analysis.
The irradiator device provided a stable testing environment allowing for statistically significant (Student’s T-test α < 0.05) results from two cell types over a period of 48 hours. The
control over initial and environmental conditions ensures that the results are reproducible. As such,
the irradiator shows promise for use in this critical fundamental research. Proposed improvements
such as a tube cooling system and additional target plates would enhance the duration, intensity,
and energy range of possible radiation. A detector mount directly above the sample would significantly increase the accuracy of our absorbed dose calculation. New sample cups have the potential
to improve the viability of samples and absorbed dose calculations as well. The incubator-housed
irradiator has a promising future for unparalleled variable control and cell longevity in fundamental
bioradiation experiments.
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